Energy transport is of central importance in understanding a wide variety of transitions of physical states in nature. Recently, the coherence and noise have been identified for their existence and key roles in energy transport processes, for instance, in a photosynthesis complex [1, 2] , DNA [3] , and odor sensing [4] etc, of which one may have to reveal the inner mechanics in the quantum regime. Here we present an analog of Newton's cradle by manipulating a boundarycontrolled chain on a photonic chip. Long-range interactions can be mediated by a long chain composed of 21 strongly coupled sites, where singlephoton excitations are transferred between two remote sites via simultaneous control of inter-site weak and strong couplings. We observe a high retrieval efficiency in both uniform and defectdoped chain structures. Our results may offer a flexible approach to Hamiltonian engineering beyond geometric limitation, enabling the design and construction of quantum simulators on demand.
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I. INTRODUCTION
Energy transport, unveiling the evolution of physical states and the nature of particle interactions has long been discussed. A quantum particle that can also be represented as a wave function possesses quantum-inherent interference and has a superposition of many locations or paths, and quantum-involved energy transport in the quantum regime is stepping into fascinating frontiers [1] [2] [3] [4] [5] [6] .
A ballistic spread has been performed when a quantum particle propagates in ideally ordered lattices [7] . However, the energy mismatch between sites in practical system Hamiltonian may lead to localization [8, 9] and the interaction with environment may result in decoherence [10] . For instance, unexpected accumulated phases or amplitudes may cause the suppression of broadening wave package [9] .
A chain, linearly arranged sites between nearest coupled neighbors, has been considered for energy transport between information terminals at a distance, which is crucial in constructing large-scale quantum information networks. Two types of chains, fully-engineered chain and boundary-controlled chain, have been proposed to realize energy transport. The fully-engineered chain requires an accurate coupling modulation of i(N − i) on the structural configuration and a perfect spatial mirror image of the injection after a half period to perform a perfect retrieval of photons [11] [12] [13] . The transfer efficiency is highly dependent on the manufacturing precision associated with both external and internal regularity. The high parameter sensitivity demanded in theory and unavoidable imperfections in practice make the chain hard to scale up.
In contrast, a boundary-controlled chain as a new model was proposed and it required a minimal control while possessing a well-behaved robustness [14] . A series of linearly arranged and strongly coupled sites form a chain to bridge two remote sites, denoted as sending and receiving sites. The two sites are coupled to the end of the chain with a very weak coupling [15, 16] . A quantum particle injected into the sending site can propagate through the boundary-controlled chain and go back and forth to the receiving site, with a fashion of energy transport like Newton's cradle. A straightforward model (with only two parameters of strong and weak couplings) and its intrinsic robustness makes the protocol of boundarycontrolled chain a promising candidate for energy transport. The boundary-controlled chain models were widely investigated and have been applied to different physical systems [17] [18] [19] [20] [21] [22] [23] [24] [25] , which, however, have not been experimentally demonstrated yet.
II. RESULTS

A. Photonic analog of Newton's cradle
In this paper, we prototype waveguides as the sites of the chain by using femtosecond laser direct writing technique [26] [27] [28] [29] and successfully map the boundarycontrolled chain onto a photonic chip (see Appendix A).
FIG. 1.
Energy transport in Newton's cradle and its analog in photonic system. a. Energy exchange and interaction mechanics in Newton's cradle. The energy can be transferred from the leftmost ball to the rightmost one mediated by a chain of balls, in effect, which is equivalent to the scenario that the two balls interact each other directly. b. Energy transport between remote sites in a quantum network. The photonic analog of Newton's cradle is realized by a boundary-controlled chain. The chain consists of weak coupling αJ in two ends and a chain of strongly coupling J in the middle, which gives an equivalent coupling for the two remote sites. The obtained long-range interaction could enable an faithful transfer of quantum states. an initial state can be transferred to the remote receiving site faithfully and therefore can serve like a photonic Newton's cradle for enabling interactions between remote sites in a quantum network.
As shown in Fig. 1 , with the time evolution, a photon is launched on the left sending site, weakly coupled to a head-tail strongly-coupled chain, then also weakly coupled to the right receiving site. Such a boundarycontrolled chain can transfer single photons faithfully and therefore can serve like a photonic Newton's cradle for enabling interactions between remote sites in a quantum network.
The Hamiltonian is composed of strong couplings J n = J, (n = 2, 3, . . . , N − 2) and weak couplings J 1 = J N −1 = αJ, (α 1). The parameter α reflects the differential strength between strong and weak couplings. A single photon state |Ψ 0 is injected in the sending site. Initial state of the N-body system which can be presented as |Φ(t = 0) = |Ψ 0 ⊗ |00 . . . 0 evolves with the Hamiltonian:
Here we employ a coupled mode approach to experimentally characterizing the coupling strength between two waveguides [26] .
The state of the system at a given time t is |Φ(t) = e −iHt/ |Φ(t = 0) . Given the parameters N and α, we have the highest efficiency η = 1−O(α 2 N ) in the optimal receiving time
where the capital O notation is made use of keeping track of the leading term that dominates scaling [30] . In fact, the optimal receiving time τ and transfer efficiency η are a trade-off. A high efficiency is at the cost of a weak coupling( α < 1/ √ N ) and a faithful transfer can be obtained asymptotically with α nearly vanishing [31] .
B. Implementation of photonic Newton's cradle
Our aim of energy transport is to transfer photonic states, excited at the first site through the chain and retrieved at the remotely separated receiving site N with a high efficiency η. Efficiency peaks when evolution time t reaches the optimal τ . In our experiment, we set the parameter α = 0.12 < 1/ √ 23 and design the boundary controlled photonic lattices. According to the characterized coupling strength with the injection of coherent light at 810nm (see Fig. 2a and Appendix B), the strong coupling strength J is chosen at 1.526/mm in a uniform site pitch of 5µm between 21 nearest-neighbour sites. The
FIG. 2.
Design and implementation of the boundary-controlled chain. a. Characterized coupling coefficients and their exponential dependence on the waveguide pitches. An effective coupling coefficient can be designed by choosing appropriate αJ and J respectively. The blue dots show experimental measurements. The red dashed lines and spots mark the parameters mainly adopted in this work. The inset is the cross section of a set of waveguide array with designed pitches. b. The linear relation, as indicated in Eq. 2, is observed by scanning 1/α while keeping the product αJ constant. Here, the transfer time τ , in unit of mm, is defined by the evolution length of photons in the waveguide array. c. The robustness of the model is demonstrated by showing the insensitivity of the transfer time on the strong coupling J. The small shift can be attributed to the unavoidable experimental imperfections and the fact that the condition α 1 is not strictly satisfied.
boundary coupling strength is chosen at 0.189/mm in the site pitch of 16µm to the ends of the chain. The chain is able to transfer energy between two remote sites with the same fashion of energy exchange and interaction mechanics of Newton's cradle:
where effective coupling coefficient J ef f is derived by αJ/ √ N − 1 and is also shown in Fig. 2a . Previous works deduce the practical meaning of the effective coupling coefficient J ef f only from a theoretical view and here we perform a direct experimental observation. The effective coupling coefficient is only related to the weak coupling coefficient αJ, and can be obtained by measuring the optimal receiving time τ according to Eq. 2. As is shown in Fig. 2b , we experimentally keep J constant and tune αJ by setting 5 different weak coupling separations from 12µm to 15µm spacing 1µm. With linear fitting we obtain a slope of 5.470, which indicates that the experimentally obtained strong coupling strength J is up to 1.316/mm.
For a wide range that the boundary controlled condition is satisfied, the whole system behaves like a direct interaction between two remote sites, just like Newton's cradle, i.e. without considering the chain at middle. We fix the weak coupling coefficient αJ and adjust finely the site pitch from 5µm to 5.6µm to acquire the strong coupling strength J from J| p=5 to J| p=5.6 . We measure the transverse intensity distribution while scanning the propagation length, which represents the evolution time t due to the constant velocity on chip. As is shown in the shading period in Fig. 2c , a trend fitting of experimental data gives a same τ . Allowing for some marginal error, a trend fitting of experimental data gives a same τ . Our measurement supports the theory that the optimal receiving time has little to do with the strong coupling strength and mainly relies on the weak coupling strength.
We visualize the time evolution of coherent light in the system by showing the imaged transverse intensity dis- tribution at 5 different transfer time (see Fig. 3 ). Experimentally this is implemented by fabricating 5 samples with different transfer time. The probability of the excitation at the i th site is given by p i (t) = | i| Φ(t) | 2 , where p 1 (0) = 1. An optimal receiving time for faithful transfer can be found at the transfer time of 33.3mm. The direct observed optimal time slightly deviates away from the value of 40.25mm predicted with the characterized coupling strength, which is due to the fact that the coupling strength does not rigorously follow the exponential relation to the propagation length in the very near coupling region. In addition, the next-nearest neighbor coupling, fabrication imperfection and even artificially introduced defects may also affect the real transfer performance.
C. Quantum correlation verification
Besides fundamental interest on the analog to Newton's cradle and the offered novel approach for energy transport, the demonstrated boundary-controlled chain also provides an elegant way to mediate long-range interactions on a photonic chip for quantum applications. To confirm its compatibility to quantum technologies, we inject heralded single photons instead of coherent light and measure the intensity distribution with single-photon imaging technique (see Fig. 4a and APPENDIX C). The injected photon from single arm of our photon pair is actually a thermal light. With the trigger of a successful registration of the other photon, we are able to measure the output intensity distribution of genuine heralded single photons. For single-party injection, there is no difference on the optimal receiving time for coherent light, thermal light and single photons (see Fig. 4b and 4c) .
In order to verify whether quantum correlation can be preserved in the evolution, we employ Hanbury-BrownTwiss interferometer shown in Fig. 4a to measure photon statistics of the output states. The anti-correlation function
tends to 0 for an ideally prepared single-photon state and tends to larger than 1 for classical light [32] . Here, p 1 means the probability of a count in Detector 1 and p 12 , p 13 and p 123 represent the probabilities of simultaneous counts in those detectors. We observe an anti-correlation up to 0.0089 ± 0.0019, which suggests that single-photon property can be well preserved through the single-photon Newton's cradle.
D. Defect-induced enhancement of efficiency
Recently, the coherence and noise have been identified their existence and key roles in energy transport processes, for instance, in a photosynthesis complex [1, 2] , DNA [3] , and odor sensing [4] etc, in which we may have to explain the inner mechanics in quantum regime. Counterintuitively, early work suggested that the noise and decoherence may have a positive influence on quantum processes [2, 10, 22, 23, 33, 34] . Meanwhile, theoretical investigation has also shown that the boundary controlled chain may be a fault-tolerant system [16] . We construct a nonideal scenario by adding an island site next to the central site with the same separation as other strong coupled sites. The newly added island site can be The black line indicates the decay rate of coupling strength against pitch, and the red one shows the scenario where one waveguide is laid between them. m is the attenuation ratio of the coupling strength when a waveguide is laid in the middle. b. Tuning m gradually, we find a long period where a defect enhances the transport process and the inset shows the comparison between experimental results and their modified simulation counterparts. c. Taking m as 0.05, we simulate the transfer efficiency when the defect is moved close to and far away from the chain as is shown in the inset. We mark the experimental results obtained with and without a defect on the simulated curve, and find that they are well consistent with our theoretical modeling. considered as noise, defect or environment for the original boundary-controlled chain. The imaged output intensity distributions with thermal light and heralded single photons are shown in Fig. 4d and Fig. 4e , respectively. We do observe an enhancement of 8% with an efficiency up to 86.20%, though the maximal efficiency is obtained at a bit longer optimal receiving time of 35.4mm. Hanbury-Brown-Twiss experiment also suggest a good preservation of quantum correlation with an measured anti-correlation up to 0.027 ± 0.0032.
In a general case, the nearest coupling is only considered [23] but in an experimental environment, our linear arrangement of waveguides have a very near pitch of 5µm between each other, which means the next-nearest pitch is 10µm and it is also non-negligible. Furthermore, we will show that one waveguide laid in the middle will largely affects the propagation of evanescent wave. We therefore construct a modified model to explain the observed defect-induced enhancement of efficiency.
We consider that the coupling strength attenuates to m times (0 < m < 1) when a waveguide is laid in the middle. In consideration of the same propagation media, for the coupling coefficient J plotted in red in Fig. 5a , the exponential decay constant k of coupling strength against waveguide pitch p remains the same with that for J ploted in black in Fig. 5a , i.e. J = e −kp and J = me −kp . The modified Hamiltonian H is expanded as follows:
where H is the Hamiltonian in Eq. 1. We can find a continuously differential transfer efficiency (Fig. 5b) when the parameter m is adjusted dynamically from 0 to 0.06. With the m value of 0.05, we can obtain an increase of 8% from 77% (without defect) to 85% (with defect). We may find that the defect can play a dual role in the model of photonic Newton's cradle. Ideally, the transfer efficiency should reach a unity. In practice, however, the defects introduced by fabrication or environment can induce a drop away from the expected value. Interestingly, we may also improve the transfer efficiency by the defect itself if we can artificially introduce the defect appropriate in light of a standard coupling mode theory.
III. CONCLUSION
In summary, we present an experimental demonstration of Newton's cradle by using a boundary-controlled chain on a photonic chip. Energy transport can be directly conducted between two remote sites with the same fashion of energy exchange and interaction mechanics in Newton's cradle. A long-range interaction is mediated by a long chain composed of 21 strongly coupled sites and a high retrieval efficiency can be obtained in both uniform and defect-doped chain structures. Our results may offer a new approach of flexible Hamiltonian engineering beyond geometric limitation, such as to bypass faulty nodes or to bridge remote terminals, enabling on-demand design and construction integrated quantum networks for quantum simulation. An ultrafast pulse focused into transparent materials can produce a permanent refractive index increase due to the localized nonlinear absorption process. A waveguide can be constructed with a translation of photonic wafer in three dimensions. The femtosecond laser (10W, 1026nm) with 290fs pulse duration and 1MHz repetition rate is frequency doubled to 513nm, and is further fed into an spatial light modulator to create burst trains. By using a 50× objective lens with a numerical aperture of 0.55, we focus the laser on a borosilicate substrate (100mm × 20mm×1mm) to fabricate the chain structure consisting of 23 waveguides, each of which has an elliptical cross section about 7µm × 5µm.
APPENDIX B: COUPLING STRENGTH
The coupling strength between neighboring sites exponentially decreases with the site pitch as J = 3.944 × e −0.1899×p , where p is the site pitch in the unit of µm.
The strong coupling strength in the site train is about 1.526/mm in the uniform site pitch of 5µm among 21 nearest neighbour sites. The boundary coupling strength is about 0.1890/mm in the site pitch of 16µm between the sending (or receiving) site and the nearest neighboring site.
APPENDIX C: DETAILS OF SINGLE-PHOTON EXPERIMENT
A single photon at 810nm, heralded from a spontaneous parametric down conversion photon pair, is injected into the sending site in the photonic chip instead of classical light. Intensified charge coupled device (ICCD) cameras with a gate width of 4.5ns has a very good signal-to-noise ratio and single-photon sensitivity. The single-photon events can be captured at the output end of the photonic chip (shown in Fig. 4a ). The other photon is delayed by an coiled optical fiber before registering at an avalanche photodiode D1. With the trigger from D1, we accumulate 3000 frames in 30 minutes to obtain the heralded single-photon results (shown in Fig. 4c ). Without the trigger, one arm of photon pair is actually in a single-photon-level thermal state. The measured output intensity distribution is shown in Fig. 4b .
We use a Hanbury-Brown-Twiss scheme to verify the ability of preserving the properties of single photons. By turning up the flipper mirror, photons can be collected into a fiber beam splitter. The two avalanche photodiodes D1 and D2 count photons at the two outputs of beam splitter and give the probability p 2 and p 3 . Together with the probability p 1 obtained from D1, we can evaluate the intensity cross-correlation function by
Besides, the anti-correlation g (2) (0) of heralded single photons ideally tends to zero and the mathematical expression is obtained in Eq. 4 The cross-correlation and anti-correlation are found to reach g si = 148.99 ± 1.96 and g H = 0.0089 ± 0.0019 respectively, which suggest a good preservation of quantum correlation.
